strengths extracted from the ISO spectra of HD163296, we obtain a [S/Si] calc ø 0.63. This ratio is consistent with the cosmochemical (solar) abundance 8 of Si and S (atom ratio 0.52). We conclude from this analysis that the sulphur abundance constraints are broadly consistent with the infrared spectra, although the error bars are large. The implication of this analysis is that most if not all of the sulphur resides in solid grains of FeS.
In the diffuse interstellar medium, sulphur is usually not strongly depleted from the gas phase 21 , indicating that little sulphur is incorporated into solid grains in this environment. Either iron sulphides are not produced in significant quantities in stellar outflows, or their lifetime in the interstellar medium is very short owing to rapid destruction. One probable mechanism for their destruction is the reduction of iron sulphide through irradiation, a process that produces Fe metal as a by-product and returns sulphur to the gas phase. A similar mechanism is known to occur in lunar Fe-oxides exposed to the solar wind 22 as well as in GEMS (proposed presolar silicate grains) in cometary IDPs 23 . The situation is very different in cold, dense molecular clouds, where sulphur is highly depleted from the gas phase 1 . In these environments, only trace amounts of sulphur in molecular form or in ice mantles are detected 4 . Therefore, we believe the bulk of the depletion must be accommodated through incorporation of sulphur into solid grains of iron sulphide. The bulk of the iron sulphide is formed either in the collapse phase of the molecular cloud, or in the disk surrounding the young star. Support for this hypothesis comes from observations of iron sulphide grains in IDPs which are intimately associated with carbonaceous material showing H and N isotopic signatures of molecular cloud environments 24, 25 .
From ISO data, crystalline magnesium-rich silicates (forsterite and enstatite) have been recently discovered in a number of sources. It is probable that iron sulphides are manifest in many ISO spectra as well. Iron sulphides, magnesium-rich crystalline silicates and amorphous silicates are the main components of primitive cometary IDPs. These results thus provide new links between primitive IDPs, comets and presolar materials, and resolves a long-standing dilemma. Iron sulphides have long been recognized as a major component of primitive meteoritic materials, but until now they had escaped detection in astronomical observations of objects similar to the early solar nebula. Isotopic measurements for both iron and sulphur in primitive IDPs may uniquely identify presolar iron sulphide grains. A major implication of this work is that early Earth and other Solar System bodies accreted most of their sulphur in the form of crystalline iron sulphide grains.
A Attraction between the atoms of a Bose-Einstein condensate renders it unstable to collapse, although a condensate with a limited number of atoms 1 can be stabilized 2 by confinement in an atom trap. However, beyond this number the condensate collapses [3] [4] [5] . Condensates constrained to one-dimensional motion with attractive interactions are predicted to form stable solitons, in which the attractive forces exactly compensate for wave-packet dispersion 1 . Here we report the formation of bright solitons of 7 Li atoms in a quasi-one-dimensional optical trap, by magnetically tuning the interactions in a stable Bose-Einstein condensate from repulsive to attractive. The solitons are set in motion by offsetting the optical potential, and are observed to propagate in the potential for many oscillatory cycles without spreading. We observe a soliton train, containing many solitons; repulsive interactions between neighbouring solitons are inferred from their motion.
Dispersion and diffraction cause localized wave packets to spread as they propagate. Solitons may be formed when a nonlinear interaction produces a self-focusing of the wave packet that compensates for dispersion. Such localized structures have been observed in many physical systems including water waves, plasma waves, sound waves in liquid helium, particle physics, and in optics 6 . A Bose-Einstein condensate can be described by the nonlinear Schrödinger equation, for which the interaction term is cubic in the condensate wavefunction 7 . For attractive interactions, this equation has the same form as the equation for an optical wave propagating in a medium with a cubic, self-focusing (Kerr) nonlinearity and, in this sense, bright matter-wave solitons in one dimension are similar to optical solitons in optical fibres. Dark solitons have been recently studied in condensates with repulsive atomic interactions [8] [9] [10] , but they are limited in that they can only exist within the condensate itself. Bright solitons, on the other hand, may propagate over much larger distances, and are themselves condensates. A similar experiment to ours has recently been performed by L. Khaykovich et al. (personal communication).
The degree of radial confinement necessary to achieve soliton stability has been investigated theoretically [11] [12] [13] [14] . Assuming cylindrically symmetric harmonic confinement with axial and radial oscillation frequencies of q z and q r , respectively, radial excitations are suppressed in the so-called quasi-one-dimensional (quasi-1D) regime, where hq r exceeds the magnitude of the mean-field interaction energy. This requirement is equivalent to a limitation on the condensate occupation number of N , l r =jaj, where l r ¼ ð h=mq r Þ 1=2 is the radial scale length, m is the atomic mass and a is the s-wave scattering length characterizing the two-body interactions. The interactions are effectively attractive for a , 0 and repulsive for a . 0. Achievement of the quasi-1D regime has been recently demonstrated in the case of 7 Li (ref. 15 ) and 23 Na (ref. 16) condensates.
The apparatus for producing a quantum degenerate gas of 7 Li atoms was described previously 17 , although a new magnetic trap with axial and radial frequencies of 70 Hz and 800 Hz, respectively, has been incorporated. Atoms in the (F, m F ) ¼ (2, 2) sublevel, where F and m F are, respectively, the total electronic angular momentum and its projection, are evaporatively cooled in the magnetic trap to a temperature of ,1 mK. Atoms in the (1, 1) state, which are not magnetically trappable, are needed in the final stages of the experiment, so the (2, 2) atoms are transferred to an optical trap. The optical trap consists of a single, focused, red-detuned laser beam propagating in the axial direction for radial confinement, and a separated pair of cylindrically focused blue-detuned laser beams ('end caps') propagating in the radial plane, for axial confinement. The single beam is provided by an infrared Nd:YAG laser, with a wavelength of 1,064 nm, focused to a 1/e 2 intensity radius of 47 mm and with a power of up to 750 mW. The radial confinement potential is approximately harmonic, and at the highest power, matches well with the magnetic trap potential. This single axial beam provides a very weak axial restoring potential, which is also approximately harmonic, with a frequency of ,4 Hz for oscillation amplitudes less than the Rayleigh length of 6.5 mm. The end caps are generated from the second harmonic of another Nd:YAG laser, have 1/e 2 radii of 22 mm axially and 100 mm radially, a power of 350 mW in each beam, and are separated by 230 mm. The end caps create a box-like potential in the axial direction, which helps to better match the magnetic trap potential. Once the optical trap lasers are switched on, the magnetic trap is switched off. After 50 ms, a bias field of up to 1,000 G is applied. A period of ,200 ms is allowed for the bias field to stabilize at the chosen value before the atoms are transferred from the (2, 2) state to the (1, 1) state by an adiabatic microwave sweep of 15 ms in duration and 1 MHz in width. The purity of the (1, 1) state population is measured to be greater than 98%.
Attractive interactions between atoms in the (2, 2) state limit the number of possible condensate atoms to a very small fraction of the total number. However, interactions between (1, 1) state atoms at zero magnetic field are repulsive with a scattering length a ¼ 5a o , where a o is the Bohr radius 18 . Although this fact ensures the stability of the condensate, the rate of its formation is limited by the rate of thermalization, which scales as a 2 . In order to increase this rate, a magnetically tuned Feshbach resonance 19, 20 is used to increase the magnitude of a. Figure 1 shows the results of a calculation of a versus the magnetic field B, which exhibits a collisional resonance near 725 G. The rate of loss of atoms is observed to increase rapidly near the resonance (Fig. 2 ), in accordance with previous investigations 20, 21 . Atoms are evaporatively cooled in the optical trap by halving the intensity of the infrared beam, and by tuning the bias field to 710 G, where the scattering length is large (,200a o ) and positive. Absorption imaging indicates that a condensate is formed with up to ,3 £ 10 5 atoms. Our techniques are similar to those used to make condensates of 85 Rb, where a Feshbach resonance was used to manipulate the sign and magnitude of a (ref. 21) .
Following the formation of the condensate at large positive a, the field is ramped down as e 2t/t (where t is time and t ¼ 40 ms), to a selected field between 545 G and 630 G, where a is small and negative or small and positive (Fig. 1) . The condensate can be created on the side of the optical potential by axially displacing the focus of the infrared beam relative to the centres of the magnetic trap and the box potential formed by the end caps. The end caps Magnetic field (G) Figure 1 Feshbach resonance. Calculation of the scattering length versus magnetic field for atoms in the (1, 1) state of 7 Li using the coupled channels method 18 . The field axis has been scaled here by a factor of 0.91, to agree with the measured resonance position of 725 G shown in Fig. 2 . The scattering length is given in units of the Bohr radius, a o . Magnetic field (G) Figure 2 Measured rate of inelastic collisional loss of atoms near the Feshbach resonance. The temperature is ,1 mK, which is above the transition temperature for Bose-Einstein condensation. The initial peak density is estimated to be ,6 £ 10 12 cm 23 . The rate of loss is given by the time for the number of trapped atoms to fall to e 21 of the initial number. The magnetic field is determined spectroscopically by measuring the frequency of the (2, 2) ! (1, 1) transition to within an uncertainty of 0.1 G.
prevent the condensate from moving under the influence of the infrared potential until, at a certain instant, the end caps are switched off and the condensate is set in motion. The condensate is allowed to evolve for a set period of time before an image is taken. As shown in Fig. 3 , the condensate spreads for a . 0, while for a , 0, nonspreading, localized structures (solitons) are formed. Solitons have been observed for times exceeding 3 s, a limitation that we believe is due to loss of atoms rather than wave-packet spreading. Multiple solitons ('soliton trains') are usually observed, as is evident in Figs 3 and 4 . We find that typically four solitons are created from an initially stationary condensate. Although multisoliton states with alternating phase are known to be stationary states of the nonlinear Schrödinger equation 14, 22, 23 , mechanisms for their formation are diverse. It was proposed that a soliton train could be generated by a modulational instability 24 , where in the case of a condensate, phase fluctuations would produce a maximum rate of amplitude growth at a wavelength approximately equal to the condensate healing length y ¼ (8pnjaj) 21/2 , where n is the atomic density 23 . As a and y are dynamically changing in the experiment, the expected number of solitons N s is not readily estimated from a static model. Experimentally, we detect no significant difference in N s when the time constant, t, for changing the magnetic field is varied from 25 ms to 200 ms. We investigated the dependence of N s on condensate velocity v by varying the interval Dt between the time the end caps are switched off to the time when a changes sign. We find that N s increases linearly with Dt, from ,4 at Dt ¼ 0 to ,10 at Dt ¼ 35 ms. As the axial oscillation period is ,310 ms, v / Dt in the range of Dt investigated.
The alternating phase structure of the soliton train can be inferred from the relative motion of the solitons. Non-interacting solitons, simultaneously released from different points in a harmonic potential, would be expected to pass through one another. But this is not observed, as can be seen from Fig. 4 , which shows that the spacing between the solitons increases near the centre of oscillation and bunches at the end points. This is evidence of a short-range repulsive force between the solitons. Interaction forces between solitons have been found to vary exponentially with the distance between them, and to be attractive or repulsive depending on their relative phase 25 . Because of the effect of wave interference on the kinetic energy, solitons that differ in phase by p will repel, while those that have the same phase will attract. An alternating phase structure can be generated in the initial condensate by a phase The images are obtained using destructive absorption imaging, with a probe laser detuned 27 MHz from resonance. The magnetic field is reduced to the desired value before switching off the end caps (see text). The times given are the intervals between turning off the end caps and probing (the end caps are on for the t ¼ 0 images). The axial dimension of each image frame corresponds to 1.28 mm at the plane of the atoms. The amplitude of oscillation is ,370 mm and the period is 310 ms. The a . 0 data correspond to 630 G, for which a < 10a o , and the initial condensate number is ,3 £ 10 5 . The a , 0 data correspond to 547 G, for which a < 2 3a o . The largest soliton signals correspond to ,5,000 atoms per soliton, although significant image distortion limits the precision of number measurement. The spatial resolution of ,10 mm is significantly greater than the expected transverse dimension l r < 1.5 mm. letters to nature gradient, df/dz, across the condensate. Such a gradient may be imprinted by a condensate velocity, because df=dz ¼ mv= h, where m is the atomic mass. If N s is identified with f/p, the model predicts N s / v, in agreement with the observed v-dependent part of N s . Furthermore, for the largest v and for parameters consistent with the experiment, the model gives N s < 15, in rough agreement with observation. For a soliton with a ¼ 23a o , the calculated maximum number of atoms that ensures stability is only ,6,000 per soliton 11, 13 , which accounts for far fewer atoms than the number contained in the initial repulsive condensate. Apparently, most of the atoms from the collapsing condensate are lost, while only a small fraction remain as solitons. Immediately after switching a from positive to negative, we observe a diffuse background of atoms spreading out axially. This observation is reminiscent of the jet emitted by a 85 Rb condensate after switching from repulsive to attractive interactions 5 . In our system, which is in the quasi-1D regime, the remnant atoms form solitons with atom number near their stability limit.
The remarkable similarities between bright matter-wave solitons and optical solitons in fibres 26 emphasize the intimate connection between atom optics with Bose-Einstein condensates 27 and light optics. Many issues remain to be addressed, however, including the dynamical process of soliton formation. In addition, further investigation of soliton interactions and collisions could be undertaken with this system. Finally, we speculate that an 'atomic soliton laser', based on bright matter-wave solitons, may prove useful for precision measurement applications, such as atom interferometry 28 .
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